C
ONSIDERABLE interest has developed in recent years as to the possible correlation between the early indices of severity of head injury and the cognitive outcome of patients. Investigators have reported a diversity of conclusions. 5"16'18'21'25'26'28'31'34'35'42 '44 Based on our daily clinical, surgical, neurophysiological, and neuropsychological experience, we have investigated the possibility of predicting cognitive outcome in individual patients.
Clinical Material and Methods

Patient Population
During 1978, 178 severely head-injured patients were admitted to our neurosurgical division. They represented 25% of all patients with head injuries admitted during that year (710 cases). Of these 178 patients, 76 (42.7%) died at various time intervals after the injury; two were in a persistent vegetative state, and the remaining 100 (56.1%) returned to a more or less impaired social life.
Immediately after admission, each patient underwent prompt resuscitative treatment against shock and respiratory dysfunctions, and was examined by a neurosurgeon. Neuroradiological investigation consisted of plain radiographs, computerized tomography (CT) scanning, and carotid angiography if necessary. Surgery was performed in 107 cases, for removal of extradural clot in 23 cases, acute subdural hematoma in 27 cases, and a combination of hematoma, cerebral contusion, and laceration in 57 cases. The remaining 71 patients had no surgical lesions.
Patients were managed in the intensive care unit with steroids and dehydrating agents. Proper ventilation was supported when necessary by endotracheal intubation. Antibiotics, anticonvulsant medication, and high caloric intake were provided in each case. ramidal motor system, of the intrinsic and extrinsic oculomotor system, of respiratory functions, and of reactivity to external stimuli. The clinical picture thus defined allowed us to recognize the specific anatomical level of brain dysfunction and the degree of consciousness impairment (light, mild, and deep coma). This neurological examination was performed at the earliest possible time after injury. Care was also taken in recording the best clinical condition in the first 24 hours. The patient's admission status and best condition in the first 24 hours after trauma were then considered separately for correlation with outcome.
Glasgow Coma Scale Score. In agreement with the recommendations of the Head Injuries Committee of the World Federation of Neurosurgical Societies, the Glasgow Coma Scale (GCS) has been used in several collaborative studies. 17 '23'29'31 Our patients were subdivided into three groups following the proposal of Teasdale and Jennett: 3 those with scores better than 7, those with scores between 7 and 5, and those with scores of 3 and 4. The scores obtained at admission and the best scores in the first 24 hours were considered separately for evaluation against outcome.
Alterations of Reflex Ocular Motility. Oculovestibular responses were recorded on admission and at 8-hour intervals thereafter. An injection of 10 ml icecold water was made into the external ear canal of comatose patients (27~ water in awake patients) lying in the supine position with the head inclined 30 ~ forward, which ensured that the horizontal semicircular canals were in an upright position. Results of this test on admission and the best responses obtained in the first 24 hours after trauma were separately correlated with outcome.
Responses were considered to indicate diencephalic damage when they consisted of interruption of slow pendular horizontal movements and appearance of a complete, almost conjugate, slow tonic gaze toward the stimulus. This demonstrates that there is only a diencephalocortical disconnection, the brainstem being unimpaired. Mesencephalic damage was diagnosed when signs relative to the oculomotor nuclei (third and sixth) or the internuclear pathways (medial longitudinal fasciculus) were observed, or when unpredictable dysconjugate movements, both on the vertical and horizontal plane, did not extend beyond the midline.
Electroencephalographic Alterations. Electroencephalographic (EEG) recordings were performed as soon as possible after admission, and were repeated frequently during treatment. Alterations of the cerebral electric phenomena were evaluated following the classification proposed by Bricolo, et aL ~5 This classification system distinguishes five broad categories of EEG patterns, each indicative of progressively increasing brain damage: borderline, diphasic with spindles, diphasic without spindles, monophasic, and a flat tracing. The borderline pattern, as described by Loeb and Poggio, 32 is well known. The diphasic tracing is composed of background activity of 6 to 9 Hz intermingled with spontaneous or evoked periods of high-amplitude slow waves. The diphasic pattern with spindles is characterized by diffuse superimposition of bursts of 12 to 14 Hz, very similar to the spindles seen in synchronized sleep recordings. The monophasic tracing is unorganized polymorphic slow activity, scarcely responsive or not responsive at all to external stimuli.
Alterations of EEG Sleep Patterns. Nocturnal electropolygraphic recordings were performed on 40 patients as soon as possible after admission, and periodically thereafter during posttraumatic amnesia, and every 2 months after discharge. Based on the classification of EEG sleep patterns which recognizes four phases of slow sleep and one phase of paradoxical sleep, tg'4~ the analysis of tracings has afforded the identification of qualitative and quantitative alterations of each sleep phase.
Presence of Expanding Lesions. The nature and site of intracerebral and/or extracerebral expanding lesions were evaluated at surgery. Their relationship to cognitive outcome was assessed.
Other Criteria. Two more frequently used parameters were taken into account in evaluating the degree of brain damage. One was the duration of coma, retrospectively defined as the period during which the clinical picture was characterized by the absence of eye-opening responses and of comprehensible verbal responses, with inability to obey simple commands) 9 The second parameter was the duration of posttraumatic amnesia (PTA), retrospectively defined as the time lapse between injury and the regaining of day-to-day memory.
The influence of age on outcome was investigated by comparing the outcome in the 61 patients under 30 years old to that of the 39 patients aged over 30 years.
Psychological Testing
The battery of tests was first administered to the patients when they were judged to be clear of PTA. Patients were tested again 1 year and 2 years after the injury. The results used in the analysis and presented in this paper are those from the 2-year testing session. The complete battery of tests consisted of: Wechsler On the basis of their performance on neuropsychological testing, the patients were subdivided into those with no or minimal deficits, those with mild deficits, and those with severe deficits. Patients were categorized as having no or minimal deficits if their total IQ was better than 90 (that is, a normal total IQ), if there was no significant difference between their verbal and performance IQ, and if there was no or minimal reduction of scores in tests of memory functions.
Patients were considered to have mild deficits if they were affected by a decay of memory functions (either for verbal or for nonverbal material) plus one of the following: 1) a decay of Wechsler Bellevue scores ranging from 20% to 30%; 2) a discrepancy between verbal and performance IQ of at least 20 points; or 3) a total IQ score ranging from 90 to 70 (Table 1 ). The pathological deterioration in Wechsler scores, after correction for age, 46 was calculated by means of the formula proposed by Wechsler: 6'46 IS -VS/IS • 100, where IS = invariable scores and VS = variable scores.
Patients were considered to have severe deficits if they had pronounced impairment of memory functions, plus a Wechsler score deterioration of more than 30%, or a total IQ score of less than 70.
Statistical Procedures
Our results were analyzed on the basis of statistical procedures for the social sciences 37 at the Johns Hopkins Hospital, ISD Computer Center, School of Hygiene and Public Health.
Results
Neurological Syndrome
Outcome. None of the 37 patients with hemispheric syndrome died. Diencephalic syndrome carried a mortality rate of 35.7% (20 of 56 patients died). Unfavorable courses were observed in 68.2% of patients with a mesencephalic syndrome: 56 of 85 patients died and two remained in a persistently vegetative state (Table 2) .
Cognitive Outcome. Table 2 shows the correlation of the final outcome with the neurological syndrome presented by the patients on admission, and with the best neurological syndrome in the first 24 hours. StatisticaI analysis demonstrates that these data are highly significant (p = 0.001) ( Table 3) . Correlation between the clinical picture on admission and the outcome of the 100 patients who came to neuropsychological evaluation 2 years later demonstrates that: 1) A hemispheric syndrome never resulted in a severe cognitive impairment, but only in mild involvement for 13.5 % of cases; 22 of the 27 patients in the "initial hemispheric syndrome" group were free from residual cognitive deficits; these data have a very high statistical significance (x 2 significance of 0.001) when either the total 17 8 patients or the 100 patients who recovered are taken into account. 2) A diencephalic syndrome frequently implied a neuropsychological decay of variable degree: 37.5% of patients who survived showed no or minimal cognitive defects; the incidence of cognitive alterations in patients coming from this syndrome is statistically significant (x ~ significance: 0.02) as referred to all 178 cases. 3) A mesencephalic syndrome leaves only 10% .001 .001 * All statistical parameters have been separately applied to 1) the original data; 2) a redistribution of patients which unifies vegetative states and deaths; and 3) the group of I00 patients who recovered. See Table 2 . veg. = vegetative. of surviving patients affected by minimal cognitive impairment; significance is high (p = 0.001) as compared to the 100 patients who recovered.
The correlation with cognitive outcome is even clearer if we consider the best neurological syndrome observed in the first 24 hours after trauma: 1) Among the patients with irrelevant residual deficits, three who initially showed a mesencephalic syndrome rapidly improved due to resuscitation and treatment of anoxia, hypotension, and shock; two patients who had entered with a mesencephalic syndrome because of an extradural hematoma recovered due to immediate surgical treatment; 10 patients shifted from a diencephalic to a hemispheric syndrome in the first 24 hours. The distribution of these patients in the neurological syndromes is closely related to their cognitive outcome. 2) Most (70%) of the patients with mild residual deficits had a diencephalic syndrome. 3) No patient with severe residual deficits had better than a diencephalic syndrome, and 73.3% had a mesencephalic syndrome. 4) The statistical analysis shows that the significance of the best 24-hour data (Table 2 ) is high (see Table 4 ).
The calculation of the tau c measure of association between two ordinal-level variables (Table 3) allows the observation that prediction improves significantly from admission to best 24-hour data (Table 2) , either when the total 178 patients or the 100 patients who recovered are considered. This confirms that the best neurological syndrome in the first 24 hours is better correlated to cognitive outcome than the clinical condition upon admission.
Glasgow Coma Scale Scores
Outcome. Correlation of GCS scores with survival is highly significant: 71 patients with scores of 3 and 4 A. Alexandre, et al. Table 2 for correlation of outcome with neurological syndrome. NS = not significant.
had unfavorable courses with a mortality rate of 68.4% and two patients in a persistently vegetative state. The mortality rate was 40.6% in patients with scores of 5, 6, and 7, and nil in patients with scores better than 7 (Table 5) .
Cognitive Outcome. Most of the patients who eventually proved to be free from relevant cognitive defects had GCS scores of 8 to 15 on admission (p --0.001 if either the total 178 patients or the 100 who recovered are considered; Table 6 ), while 60% of the patients with severe cognitive deficits had admission GCS scores of 3 or4.
Our results and some previous observations 2 support the statements of Jennett, et a/., 29 and Young, et al., 5~
that accurate outcome predictions cannot be made for the patients with an initial GCS score of 5, 6, or 7, since they can just as easily evolve to favorable or unfavorable outcomes. A better correlation with outcome is obtained if the best score in the first 24 hours is considered, rather than the initial score (Table 6) . By this criterion, 80% of patients with no or minimal residual cognitive deficits scored 8 to 15 (p = 0.001 taking into account all the 178 patients or only the 100 patients who recovered), and 70% of patients with severe residual cognitive deficits scored 3 or 4 (p = 0.005). Of the group with mild deficits, 63.3% of patients had a score of 5, 6, or 7. The better correlation with outcome, which is obtained when the best score in the first 24 hours is taken into account, is confirmed by statistical analysis (see Table 7 , where particular Cells 16 and 12 are shown to be not significant, while Cell 6 is significant). Calculation of tau c (Table 6 ) confirms this improvement in prediction.
Worsening of patients with scores lower than 5 appeared to be fully reversible only in the patients with extracerebral expanding lesions that were immediately removed. Generally, the longer the patient stayed in the .001 .001
* All statistical parameters have been separately applied to 1) the original data; 2) a redistribution of patients which unifies vegetative states and deaths; and 3) the group of 100 patients who recovered. See Table 5 . veg. = vegetative. ity rates (this was confirmed in this study; see Table 8 ), and responses indicative of mesencephalic damage are related to unfavorable courses (56 out of 86, 65.1%, in our study).
Cognitive Outcome. As observed by Levin, et al., 3~
oculovestibular alterations are also highly significant in respect to the cognitive outcome. The great majority of our patients with normal oculovestibular responses were free from relevant cognitive defects (p = 0.001 when taking into account both the total 178 patients and the 100 patients who recovered). The majority of patients with signs of mesencephalic reflex oculomotor system alterations on admission showed severe cognitive disturbances 2 years later (p = 0.003).
Statistical analysis by calculating the tau c value Table 5 for correlation of outcome with Glasgow Coma Scale (GCS) scores. NS = not significant. (Table 9 ) reveals that the degree of prediction that can be obtained from the oculovestibular alteration data immediately after admission is as precise as that obtainable by the best level of the other measures (GCS scores or neurological syndrome) in the first 24 hours. Therefore, in terms of overall prediction, the alterations of reflex oculomotor function represent the most reliable parameter from the very earliest observation. Using this parameter, the best prognostic indicator is again obtained by comparing the best response in the first 24 hours with outcome: of the 58 patients with altered .001 .001
* All statistical parameters have been separately applied to 1) the original data; 2) a redistribution of patients which unifies vegetative states and deaths; and 3) the group of 100 patients who recovered. See Table 8 . veg. = vegetative. reflex oculomotor function, only five (8.6%) were eventually free from relevant residual cognitive deficits, and a severe oculomotor dysfunction always entailed some degree of cognitive impairment. This improvement as a prognostic indicator is confirmed by tau c calculation (Table 9) .
Statistical significance is high (p = 0.001) for the most relevant cells related to the best 24-hour response (Table 8) . Thus, 35 patients without oculovestibular dysfunction eventually had no or minimal cognitive defects; 25 patients affected by diencephalic oculomotor dysfunction had some degree of cognitive impairment 2 years later; and 24 patients with signs of mesencephalic oculomotor system dysfunction had severe residual cognitive impairment (Table 10) . .004 100 particular cell 24:x 2 .001 178 * See Table 8 for correlation of outcome with alterations of reflex oculomotor system. NS = not significant. 
Alterations of EEG Activity
Outcome. Correlation of the various patterns of EEG activity with mortality has been reported by Bricolo, et al. '~'15 In our series, monophasic tracing had a poor prognosis, with a mortality rate of 65.2% and two patients with persistent vegetative state. The diphasic tracing with spindle pattern was related to a 8.8% mortality rate (three patients died out of 34 with this pattern).
Cognitive Outcome. Table 11 shows the correlation with cognitive outcome: the diphasic tracing with spin- .001 * All statistical parameters have been separately applied to 1) the original data; 2) a redistribution of patients which unifies vegetative states and deaths; and 3) the group of 100 patients who recovered. See Table 11 . EEG = electroencephalographic; veg. = vegetative. Table 11 for correlation of outcome with electroencephalographic (EEG) pattern. NS = not significant. dies almost always correlated with the best cognitive outcome, while the monophasic tracing entailed severe cognitive defects in the majority (63.6%) of patients who underwent neuropsychological evaluation 2 years later. The diphasic pattern was associated with mild or severe deficits in 83.3% of survivors. Fourteen of the 30 patients with severe cognitive defects belonged to the monophasic pattern, and this is statistically significant (p = 0.001; Table 12 ). The same high statistical significance was found in the 30 patients with mild or severe cognitive defects who exhibited a diphasic pattern (Table 13) .
Alterations of EEG Sleep Patterns
As demonstrated in previous articles, 3,5 the change in EEG sleep patterns, consisting of augmentation of sleep Phases 1 and 2, and in reduction or absence of Phase 4 and rapid eye movement (REM) sleep correlated with the neurological syndrome of the acute phase, and even more precisely with the neuropsychological outcome (Table 14) . We emphasize that all patients with severe residual cognitive defects showed acutely a complete abolition of sleep Phase 4 and REM sleep. Furthermore, REM sleep abolition entailed some degree of neuropsychological decay in 87.5% of cases.
Intra-and~or Extracerebral Focal Expanding Lesions
Outcome. Of the 178 patients involved in this study, 107 underwent surgery for the removal of extradural hematomas (23 cases, 21.5%) or subdural hematomas (27 cases, 25.2%), or for the treatment of cerebral lacerations and contusions (57 cases, 53.3%). The mortality rates were 8.6%, 44.4%, and 50.8%, respectively. The mortality rate for the whole group of 107 surgical patients was 40.2% (Table 15) .
Cognitive Outcome. As far as the cognitive outcome is concerned, a distinction was made between patients with purely compressive extracerebral lesions (21 with extradural and 15 with subdural hematomas) and those with brain lacerations (28 patients). Among the 36 patients of the first group, 22 (61%) had no or minimal cognitive deficits, nine had mild deficits, and five (13.8%) had severe deficits. Among the patients with * Percentages relate to the number of cases in the row (row %); to the number of cases in the column (col %); and to the total 107 patients (total %).
cerebral lacerations, eight (28.5%) were free from relevant residual deficits, eight showed mild cognitive impairment, and 12 (42.8%) had severe impairment. The incidence of cognitive impairment among the 64 patients who survived after surgery was 53.1%.
The lesion was in the fight temporal region in 17 patients, in the left temporal region in 12, in the fight frontal area in four, and in the frontal region bilaterally in two. At neuropsychological testing, the outcome of the patients with left temporal lesions was the worst. Their performance was particularly poor when memory functions concerning verbal material were tested, by applying Rey's test, 41 the Wechsler memory test, 48 and Kimura's test. 3~ On the contrary, the patients with right-sided lesions scored better on verbal tests, and had the worst results in nonverbal material retention. Right frontal and bilateral frontal lesions produced a highly inconsistent performance; this was attributed by Luria and Tsvetkova 33 to the fact that the memory defect in the presence of frontal lobe lesions depends not so much on an altered retention as it does on a defect in attention.
Among the 64 patients who underwent surgery and recovered, 47 were operated on within 2 hours after injury, and 17 underwent surgery later. This is due to the fact that our service receives patients either directly from the road or from other hospitals, occasionally with a significant delay. It has been reported that patients who underwent delayed surgery exhibited, in addition to the primary focal lesion, further diffuse brain damage due to secondary lesions, such as ischemia, edema, and hemorrages.l,13,14 The reversibility of their neurological syndrome was therefore markedly reduced, as has been observed previously. 45 Thus, patients operated on without delay scored better at the cognitive tests than the patients in the same neurological syndrome whose surgery was delayed.
The cognitive impairment of patients with nonsurgical lesions was intermediate: not as bad as that of patients operated on with delay, but worse than that of patients surgically treated immediately after trauma.
Other Criteria
In addition to these parameters and data, which were collected during the acute phase of the traumatic disease, we have turned our attention to other features of the clinical evolution, with the following results.
Duration of Coma
Twenty patients showed a coma duration of 1 day or less; 28 were in coma for 1 to 3 days, and 52 for longer than 4 days. In any cognitive measure, no statistically significant difference could be found among these groups. Patients with very short coma duration scored slightly better, and were free from relevant residual none  10  10  20  18  10  12  40  mild  6  6  18  6  8  16  30  severe  4  12  14  8  8  14  30  total  20  28  52  32  26 42 100 * PTA = posttraumatic amnesia. deficits in 50% of cases (Table 16 ). We agree with the results obtained by Levin, et al., 3~ that the relationship between coma duration and cognitive outcome is not reliable.
Posttraumatic Amnesia Duration
Retrospectively, PTA was judged to last 7 days or less for 32 patients, 8 to 14 days for 26 patients, and over 14 days for 42 patients. At follow-up review 2 years later, no clear association could be seen between PTA duration and cognitive impairment. The outcome in patients with a long compared to a short duration of PTA showed only minor differences in learning and memory tests, particularly when the longest PTA durations were selected and compared to the shortest. This is in agreement with the observations of Mandleberg 34 in a series of 149 patients.
Age
The total group of patients with severe head injuries was composed of 98 patients aged 30 years and under and 80 patients aged over 30 years. The group of i00 patients who recovered was composed of 61 patients aged 30 years and under and 39 patients over 30 years old. On neuropsychological evaluation, patients under 30 years of age performed significantly better than the older group.
Discussion
Both the GCS and the classification into neurological syndromes are very reliable in predicting individual cognitive outcome. Both elements bear the highest statistical significance. In our opinion, the difference between the two parameters is that, while the GCS is an objective and reproducible synthetic outline of the clinical picture, the classification into clinical syndromes is more detailed from a semiological standpoint. Assessing the neurological syndrome of the level of lesion implies overall evaluation of the severity of the cerebral damage, and this may be considered the baseline for the patient's future cognitive abilities. Once a patient has been carefully studied and categorized into a specific syndrome relating to his lesion, he should be scored on the GCS in order to have a synthetic data storage and immediate pooling of information. This makes the two parameters complementary.
The duration of the severe alterations of consciousness and of PTA is an expression of the global cerebral damage, and is assessed retrospectively, so these data do not become available until the patient is recovering. These are not "early indices of severity of brain damage," but only retrospective judgments with little bearing on daily neurosurgical practice. Their correlation with cognitive alterations, observed 2 years after injury, seems to be rather poor.
Pathways subserving oculomotor functions traverse the whole brain from the telencephalic to the pontine regions, and have a close anatomical relationship with the centers regulating the state of vigilance and consciousness in the brain stem. Therefore, the careful observation of oculomotor dysfunctions, which allows the identification of a precise site of impairment, is very helpful when the anatomical level of the cerebral lesion is to be clearly recognized. Reliability of this element is at the highest level.
The EEG recording of irregular patterns of daytime cerebral electrical activity is a helpful prognostic finding, but the alterations of EEG sleep patterns appear to be more reliable in indicating the patients who will not recover completely. Bergamasco, et al., 9 and Bricolo ~~ presented evidence suggesting that the normality of sleep patterns during coma is reliably related to a favorable prognosis. Among patients with the same neurological syndrome, those who show complete abolition of sleep Phase 4 and REM sleep will remain affected by severe neuropsychological deficits.
The fact that residual cognitive alterations are much less severe in younger patients is, in our opinion, due to the reduced potential of an aged brain to recover. This phenomenon may also be explained by the stronger motivation for rehabilitation of the young individual.
Our observations confirm the classical findings on the functional role of the temporal and frontal lobes. 6,2k33,34,38 Cognitive outcome of patients with purely compressive expanding lesions is better than that of patients with parenchymal damage. 4 Time lapse between injury and surgery proved to be an extremely important factor affecting cognitive outcome, since if surgery is delayed there is time for secondary lesions to develop and a functional reversible cerebral impairment may be transformed into irreversible parenchymal damage. Prompt surgical treatment of intracranial hematomas has a beneficial effect because of the relief of brain-stem compression and distortion due to lateral or central transtentorial herniation. Many of these clinical situations recall the experimental temporal lobe herniations in cats and monkeys reported by Jennett and Stern, 27 who produced reversible contralateral decerebrate rigidity without midbrain tegmental hemorrhages, and the neuropathological findings of Bricolo, et al. k13"14 In the case ofintracranial hematomas, ischemic corn-pressive damage also involves other anatomical structures: the temporal mesial and basal cortex (including the hippocampus) and the temporal stem. These structures play a significant role both in memory functions 7'24'38 and in REM sleep organization, 5''~ and this might be the anatomical basis for the highly significant correlation of REM sleep alterations with the quality of cognitive outcome.
